Introduction
Auroral hiss is a type of whistler mode radiation commonly observed over the Earth's auroral zone. Auroral hiss is characterized by a funnel-shaped, low-frequency cutoff with the central axis of the funnel coinciding with regions of intense auroral precipitation. An example of auroral hiss detected by the Dynamics Explorer 1 spacecraft is shown in Figure 1 . This type of VLF noise is observed on virtually every auroral zone pass at radial distances between 2 and 4 R e . Smith [1969] , Mosier and Gurnett [1969] , James [1976] , and others have explained the funnelshaped, low-frequency cutoff as a propagation effect caused by wave vectors near the whistler mode resonance cone.
The formation of the funnel-shaped spectrum can be understood as follows. Auroral hiss is known to propagate at wave normal angles very close to the resonance cone. The condition for a resonance cone angle ORes is found by allowing the index of refraction to go to infinity in the cold plasma dispersion relation. The resonance cone angle is given by tan 2 ORes = -P/S where the functions P and S are defined by Stix [1962] . For propagation near the resonance cone the ray path is nearly perpendicular to the wave normal vector. The angle • of the ray path relative to the magnetic field is given approximately by cot 2 •=-P/S. (1) . Schematic explanation of the funnel-shaped, low-frequency cutoff observed in auroral hiss spectrograms. As the spacecraft approaches the source field line, auroral hiss is detected at decreasing frequencies. As is shown in the diagram the lowest frequency detected at a given spacecraft position will be determined by the emission originating at the source point farthest from the spacecraft position, in accordance with (1). Thus if a minimum frequency is detected, a spatial limit to the source region can be inferred. The frequencies cited are merely illustrative and not the result of calculation. A number of studies associate electron beams with the generation of auroral hiss. Gurnett [1966] showed that auroral hiss is associated with intense fluxes of precipitating low-energy (--• 10 keV) auroral electrons near the poleward edge of the 40-keV trapping boundary. [1988, 1989] showed that incoherent Cerenkov radiation could not generate the observed intensities but that a coherent bunching instability could. The auroral hiss observed by Voyager 1 near Jupiter was first analyzed by Gurnett et al. [1979] shortly after the encounter. Taking into account the ray path geometry, the authors made a least squares fit of the measured cutoff frequencies to (1). Using this analysis, they showed that the source was located along the L = 5.6 shell, either 0.14 Rs south of the magnetic equator or 1.16 R s north of the magnetic equator. The north-south ambiguity in the source position arises because the instrument cannot determine the direction of arrival of the wave. The best fit analysis also gave fLnR = 1.56 kHz, which is somewhat higher than expected from on-board composition analysis. Bagenal and Sullivan [1981] have shown that L -5.6 corresponds to the boundary between the hot and cold regions of the Io plasma toms. Gurnett and Scarf [1983] later speculated that there were actually two sources at the north and south edges of the toms. According to this picture, two low-frequency cutoffs should be observed. This second cutoff, which has now been identified, will be discussed later. [ 1985] to produce a contour map of the ion charge density in the Io plasma toms based on force balance between pressure gradient, centrifugal, ambipolar electric, and mirror forces. This density model will be used in our analysis.
It is possible that the existence of two low-frequency cutoffs could be attributed to a single source radiating at two solutions of the resonance condition, similar to the conversion mechanism described by Bell and Ngo [1990] Therefore we believe that the hypothesis that Jovian auroral hiss is generated at resonance energies of hundreds of eV, well out on the resonance cone, and at two distinct sources is the best and most robust explanation of the observed dual low-frequency cutoff.
Observations
The by an average factor of 1.5. The difference in intensity at the outer edge is more obvious from line plots than from the present figure. (4) The outbound event is observable at both higher and lower frequencies than the inbound event.
It is also instructive to look at spacecraft position while auroral hiss is being detected. Figure 5 shows the path of the spacecraft in cylindrical coordinates relative to the centrifugal equator. The shaded portions of the orbit indicate where the spacecraft was when the auroral hiss was detected. Figure 5 shows that the outbound event was observable over a larger region than the inbound event. Analysis of the L shells indicates that the outer edge of detection of both events was at L -5.6. However, the inner edge of the inbound event was L = 5.5 while the inner edge of the outbound event was L = 5.1. Since the outer edge of the auroral hiss is probably near to the source L shell, this figure shows that the auroral hiss emitted from the outbound source reaches L shells farther from the source than that from the inbound source. 
Analysis and Results
An analysis of the low-frequency cutoffs described in the previous section was done by using (1) in conjunction with an OTD model of the Jovian magnetic field. The OTD model chosen is based on the 04 model of Acura et al. [1983] . The parameters used in this model are summarized in Table 1 .
In order to calculate the angle of propagation relative to the magnetic field line, the cutoff frequency, the electron cyclotron frequency, and the lower hybrid frequency are needed. The cutoff frequency as a function of time was measured from spectrograms similar to The ray tracing is accomplished as follows. The electron cyclotron frequency at the spacecraft is calculated using the OTD magnetic field model from Table 1 . Since fce and have been estimated, the ray angle • can be calculated. The ray is traced at angle ½ from the magnetic field line in increments of 0.0001 Rj. After each step the electron cyclotron frequency is recalculated, giving a new value of and the procedure is repeated. Ray tracing is done both north and south from the spacecraft position because the Voyager plasma wave measurements do not indicate direction of propagation. Each of the two low-frequency cutoffs generates two possible ray paths. Possible sources are determined by the points where the ray paths converge at different frequencies.
Data points were taken from each of the three wideband data intervals illustrated in Figure 7 . Spectrograms of the three intervals were enlarged and adjusted in intensity to give optimum resolution of the cutoff profiles. The lower of the two cutoff frequencies, previously analyzed by Gurnett et al. [1979] , is referred to as cutoff 1, as labeled in Figure 7 ; the higher of the two cutoff frequencies is referred to as cutoff 2. Because the notch filter absorption lines obscure the two cutoffs to various degrees, different numbers of points were taken for cutoffs 1 and 2. For cutoff 1, one point was taken from the first interval, five from the second, and five from the third. For cutoff 2, one point was taken from the first interval, three from the second, and five from the third. Uncertainty due to measurements of the cutoff frequency was estimated by taking high, low, and best estimates of both cutoff frequencies. Uncertainty due to was estimated by tracing each set of data points for both frHR = 300 Hz and fru 
Hill et al. [ 1974], th• structure of the Io plasma torus should
be approximately symmetric about the centrifugal symmetry surface, with maximum plasma density occurring there. We have chosen to use maximum symmetry about the centrifugal symmetry surface as the criterion for choosing the correct set of sources. The possibilities exist that the sources could be asymmetric about the centrifugal symmetry surface, that they could be both on one side, or even that they could be generated by a single source. We believe that the essential symmetry of the physics of this region overwhelmingly favors the symmetric solution and that the singlesource hypothesis is unlikely for reasons explained in sec- Trauger [1984] shows that densities of sulfur ions and electrons increase sharply around L = 5.6 and go through a maximum between L = 5.6 and L = 5.9. This high-density feature noted by Trauger is called the ribbon. Our results, taken in conjunction with those of Bagenal [1989] and Trauger [1984] , indicate that the source of auroral hiss coincides with the toms maximum in flux tube content, the inward-outward diffusion boundary, and the inner edge of the ribbon.
As was pointed out in section 1, auroral hiss at Earth is known to be generated by electron beams traveling along magnetic field lines, and it is reasonable to assume that the same process occurs in the Io plasma torus. The result shown in Figure 10 leads us to conclude that field-aligned electron beams exist in the torus density minimum at a distance from the centrifugal symmetry surface corresponding to the northward and southward extent of the cold torus. Since auroral hiss is known to propagate in the same direction as the generating electron beam [Gurnett et the opposite direction. In turn, the electrostatic double layer is known to be driven by a current [Block, 1975] . These relationships can be summarized as follows. The generation of auroral hiss depends on the existence of an electron beam. The most efficient way to create such a beam appears to be particle acceleration by a double layer. The double layer is in turn driven by a current. Thus the existence of auroral hiss implies the existence of a current. Since the auroral hiss radiates toward the centrifugal equator from the outer edges of the plasma torus, we deduce the existence of electron beams directed inward, toward the centrifugal equator. Since ions are accelerated by the double layer in the opposite direction, an ion beam should also exist, directed outward, away from the centrifugal equator. Thus our results imply a current directed along field lines northward and southward from the north and south edges of the hot-cold torus boundary, respectively. This situation is summed up schematically in Figure 11 , taken from Gurnett and Scarf [ 1983] . It has been suggested that ion acceleration by this mechanism could be responsible for the existence of the toms density minimum (C. K. Goertz, personal communication, 1990). It should be noted that a preliminary examination of magnetometer data has not found evidence for field-aligned currents (M. Acufia, personal communication, The pickup current is driven by the electric field generated in the ionosphere. This current is transmitted along magnetic field lines to the ionosphere, where it closes across magnetic field lines. This current system is shown schematically in Such a variation could be occasioned by changes in either the radial electric field or in the pickup conductivity. Regarding electric field changes, Bagenal [1989] suggests that in parts of the torus, ionization could be strong enough that resulting charge buildup could shield parts of the torus from the electric field. This mechanism is more likely to occur near the orbit of Io, where ion densities are at least six orders of magnitude higher than they are near the torus density minimum. Another way to cause variation in radial electric field is by abruptly varying the potential transmitted along magnetic field lines from the Jovian ionosphere. In this case the L shell of the hot-cold torus boundary would be determined by varying conductivity in the ionosphere. It would seem to be something of a coincidence that the boundary would turn out to be so close to Io's orbit, although this is not impossible. A better possibility is variation in the pickup conductivity. Since the ion source strength depends on the densities of the various neutral atoms and the pickup conductivity depends on the ion mass, a change in pickup conductivity could be occasioned by an abrupt change in composition or in overall neutral density, a phenomenon that should be expected 
